Eight strains of highly amylolytic, sporeforming bacilli (hereafter referred to as Bacillus amyloliquefaciens) were compared with respect to their taxonomic relationship to B. subtilis. The physiological-biochemical properties of these two groups of organisms showed that B. amyloliquefaciens differed from B. subtilis by their ability to grow in 10% NaCl, characteristic growth on potato plugs, increased production of a-amylase, and their ability to ferment lactose with the production of acid. The base compositions of the deoxyribonucleic acid (DNA) of the B. subtilis strains consistently fell in the range of 41.5 to 43.5% guanine + cytosine (G + C), N-10 (arginine-) to prototrophy with a frequency of 3.9 X 10-and 2.4 X 10-' transductants per plaque-forming unit, respectively. Attempts to transduce between the two species were unsuccessful. These data show that Bacillus amyloliquefaciens is a valid species and should not be classified as a strain or variety of B. subtilis.
N-10 (arginine-) to prototrophy with a frequency of 3.9 X 10-and 2.4 X 10-' transductants per plaque-forming unit, respectively. Attempts to transduce between the two species were unsuccessful. These data show that Bacillus amyloliquefaciens is a valid species and should not be classified as a strain or variety of B. subtilis.
The availability of deoxyribonucleic acid (DNA) -mediated transformation (19) and phagetransducing systems (23) with Bacillus subtilis makes it possible to study the effect of genetic material on the synthesis of a-amylase in these organisms. During the early stages of this investigation, however, it was evident that the strains of B. subtilis employed fell into two groups with respect to a-amylase formation. Organisms isolated from commercial a-amylase concentrates produced 50 to 150 times more a-amylase than did cultures of B. subtilis. These findings are identical to those reported by Fukumoto (6) for two highly amylolytic bacilli isolated from soil. The difference in a-amylase production between these new isolates and B. subtilis prompted Fukumoto to classify them as Bacillus amyloliqueJaciens n. sp. Fukumoto (6, 7) . Subsequent investigators have called the organism either B. amyloliquefaciens, a strain of B. subtilis (9) , or B. subtilis var. amyloliquefaciens (24, 25, 29) .
This paper is concerned with the physiologicalbiochemical classification of highly amylolytic bacilli isolated from commercial a-amylase concentrates or obtained from various culture I Present address: Department of Biological Sciences, Northwestern University, Evanston, Ill. 60201. collections. A comparison was made between these organisms and B. subtilis with respect to their genetic homology, and homology between isolated DNA molecules. In a separate paper, we describe some of the differences between the a-amylases produced by these two groups of orgaaiisms (28) .
MATERIALS AND METHODS
Organisms. The following strains of B. subtilis were used in this study: ATCC 6051 [neotype culture according to Smith et al. (17) ], ATCC 4529, ATCC 7067, ATCC 9466 (NRS 1088), W23, and 168 (indole-). Aerobic sporeforming bacilli in commercial a-amylase concentrates were isolated as follows: 1 ml, or 0.5 g of a-amylase concentrate was placed in a tube (18 X (14) . For the preparation of labeled DNA, 80 m,uc of thymidine-2-14C (New England Nuclear Corp., Boston, Mass.) was added to the PA medium.
Buoyant density (p) and thermal denaturation (Tm) measurements and the chemical determination of DNA base composition. The methods used for buoyant density and thermal denaturation measurements and for the chemical determination of DNA base composition were those described by Welker and Campbell (26) .
Formation and detection of DNA-DNA hybrids.
The procedure used was essentially that described by McCarthy and Bolton (12, 13) . Deoxyribonucleic acid was denatured by heating at 100 C for 5 min in 0.015 M NaCl-0.0015 M trisodium citrate, pH 7.0 (0.1 X SSC). Denatured DNA was sheared by passing it through a French pressure cell at 6,000 psi at a concentration of 1.7 mg/ml in 2 X SSC. A 5-ml amount of denatured DNA (2.5 mg) was mixed with an equal volume of 6% lonagar No. 2 (Oxoid Ltd., London) at 90 C and then rapidly chilled by pouring into a 250-ml beaker immersed in a dry ice-methylcellosolve bath. The DNA-agar was forced twice through a 35-mesh copper screen seated in the barrel of a 50-ml syringe. The resulting gel was washed exhaustively with 2 X SSC at 60 C. The amount of entrapped DNA was measured by its absorption at 260 m,u, after first dissolving the DNA-agar in 5 M NaClO4. The DNA-agar was stored at 4 C until used. Duplex formation was accomplished by mixing 0.5 g of DNA-agar (190 ,ug of DNA) and 19 ,ug of sheared, denatured 14C-labeled DNA in 2 volumes of 2 X SSC. The mixture was incubated at 60 C for 20 hr in a screw-cap tube (16 X 125 mm) and was quantitatively transferred to a water-jacketed column (1 X 15 cm). The DNA-agar was washed with ten 10-ml fractions of 2 X SSC at 60 C over a period of 1 hr to remove unhybridized DNA. The hybridized DNA was eluted by raising the temperature to 75 C and washing with fifteen 10-ml fractions of 0.01 X SSC. A sample of each fraction was dried on a planchet, and the radioactivity was measured as described by Welker and Campbell (27) .
Mutants of B. amyloliquefaciens N. The procedure used for the production and isolation of mutants was as follows. Cells from 20 ml of a PA-log phase culture were removed by centrifugation, suspended in a 250-ml flask containing 20 ml of MGC medium, and shaken on a rotary shaker for 4 hr at 37 C. The contents of the flask were poured into a petri dish and exposed to ultraviolet light (General Electric germicidal lamp) with stirring. The exposure time was adjusted to give a 99.9% kill. The irradiated cells were removed by centrifugation, suspended in 20 ml of MGC medium in a 250-ml flask covered with aluminum foil, and shaken on a rotary shaker for 18 to 20 hr at 37 C. The cells were removed by centrifugation, suspended in a 250-ml flask containing 20 ml of MGC medium, and shaken on a rotary shaker for 4 hr at 37 C. The irradiation and growth procedure was repeated twice more. Cells from the final 18-to 20-hr growth period were removed by centrifugation, suspended in 20 ml of MG medium, and plated for the isolation of auxotrophic and a-amylase-negative mutants. All dilutions were made in MG medium.
To obtain auxotrophic mutants, the irradiated culture was diluted to 1,900 to 2,000 cells per ml. The diluted culture (0.1 ml) was placed on a TBAB plate and spread over the agar surface with a glass rod. The plates were incubated for 16 to To obtain a-amylase-negative mutants, the irradiated culture was diluted to 600 to 700 cells per ml. The diluted culture (0.1 ml) was placed on a TBAB plate pontaining 1% starch and spread as described above.
The plates were incubated for 16 to 18 hr at 37 C. The colonies on each of the 1,040 plates. were examined visually for-zones of starch hydrolysis.. Of 67,600 colonies, 7 were found which appeared to be caamylase-negative, as judged by the absence of a zone of starch hydrolysis. These colonies were picked, placed on TBAB-starch plates, and incubated for 24 hr at 37 C. Four colonies were a-amylase-negative when examined for a-amylase production by pouring iodine solution (0.03% 12 in 0.3% KI) over the colonies. The remaining three colonies exhibited narrow zones of starch hydrolysis.
Propagation ofSP-1O phage. B. subtilis phage SP-10 was obtained from Curtis Thorne. Flasks (250 ml) containing 20 ml of PA medium were inoculated with cells of B. subtilis W23 or B. amyloliquefaciens N carrying phage SP-10. The flasks were shaken on a rotary shaker for 18 to 20 hr at 37 C. The cells were removed by centrifugation, and the supernatant fraction was sterilized by use of a membrane filter (0.45-pu pore diameter; Millipore Corp., Bedford, Mass.). Phage titers of 103 to 4.0 X 109 plaque-forming units (PFU) were obtained by this procedure. Fresh phage stocks were prepared for each experiment.
Assay ofphage SP-JO. The conventional agar overlay method (1) was used in the phage assays. The bottom layer of agar (25 to 35 ml) was TBAB, and the soft agar for over-layering was TBAB with 0.7% instead of 1.5% agar. PA-log phase cells (0.5 ml) and 0.1 ml of diluted phage (PA-medium) were mixed with 3 ml of prewarmed TBAB soft agar contained in capped tubes (13 X 100 mm). After being thoroughly mixed, the content of each tube was poured onto the surface of a TBAB plate, and incubated for 16 to 18 hr at 37 C.
Transduction. B. subtilis W23 and 168 (indolej) and B. amyloliquefaciens N, N-10 (arginine-), and N4 (amylase-) were used in transduction experiments. Equal volumes (0.5 ml) of PA-log phase recipient cells and phage SP-10 were placed in a screwcap tube (16 X 125 mm Unhybridized DNA was removed by washing the DNA-agar with ten 10-ml fractions of 2 X SSC at 60 C. The hybridized DNA was eluted by raising the temperature to 75 C and washing the DNAagar with fifteen 10-ml fractions of 0.01 X SSC.
The radioactivity of each fraction was measured as described by Welker and Campbell (27 amyloliquefaciens N DNA was used in transformation experiments with strain N-1O (arginine-) or N-4 (amylase-).
DiscussiON
The physiological-biochemical results obtained in the study are essentially identical to those reported by Fukumoto (6, 7) , who isolated and characterized B. amyloliquefaciens strain F. The classification tests that he used, however, We realize that growth in 10% NaCl, characteristic growth on potato, increased production of a-amylase, and the ability to ferment lactose with the production of acid could be due to mutations of a strain of B. subtilis, and therefore B. amyloliquefaciens might be called a variant or variety of B. subtilis. According to the International Bacteriological Code of Nomenclature (4), a "variant is an organism showing some variation in some character from the parent culture," and "if sufficiently distinct and stable" the organism should be "regarded and named as a subspecies or variety." The designation of these organisms as B. subtilis var. amyloliquefaciens is not justified because a difference in more than one character has been shown and none of the characters has been observed to revert (over a 5-year period) to the B. subtilis pattern.
Young (30) reported that the cell wall composition of strain H differs from that of B. subtilis 168 (indole-). The most outstanding difference being in the galactosamine content of the cell wall.
The DNA hybridization, transduction, and transiformation data clearly indicate that the two species do not contribute to, or share in, a common gene pool, and can be taken as a strong indication of the lack of relatedness between these two groups of microorganisms (16) . It snould be noted that B. licheniformis and B. pumilus are genetically related to B. subtilis, as judged by interspecific transformation data (5, 8) .
We conclude, therefore, that Bacillus amyloliquefaciens is a valid species and should not be labeled as a strain or variety of Bacillus subtilis. We propose that B. amyloliquefaciens strain F (ATCC 23350) be designated as the neotype culture for this species in order to serve as a a guide for comparison of newly isolated strains (see 17) .
